The influence of carbonization temperature on the permeation properties and aging of thin (4 m) supported carbon molecular sieve membranes (c-CMSM), prepared from in house synthesized novolac phenolic resin loaded with boehmite nanoparticles, were studied. Just after membrane carbonization (fresh membrane), high permeance to N2 and O2 and low O2/ N2 permselectivities were observed; the highest permeations were observed for carbonization end temperatures between 500 o C and 700 o C. After leaving the c-CMSM 1 day in the air, a large decrease in the permeation and considerable increase in the permselectivity were observed due to the reduction of the pore size by oxygen chemisorption and water physical adsorption; the permeability to H2 and H2/N2 ideal permselectivity for a mem-brane carbonized at 550 o C are close to palladium membranes for low temperature (<100 o C). The effect of the permeation characteristics of the membranes carbonized at various temperatures and the removal of water adsorbed in the pores by heat treatment were studied.
Introduction
The growing demand for efficient and "clean" energy has resulted in an increased global acceptance of the so-called "hydrogen economy" as a potential long term solution to the growing energy crisis [1] . Hydrogen is used in metallurgical chemical, petrochemical, pharmaceutical and textile industries.
Therefore, there is a need for a cost effective and efficient means to separate hydrogen from other gases. At present, H2 can be separated/purified using one of three major processes or their combination: (i) pressure swing adsorption Membranes for gas separation processes require high permeability and selectivity. Moreover, they should have good chemical, thermal and mechanical stability and they should be able to be produced continuously and defect-free.
There are several membrane materials for hydrogen separation: metallic (mainly Pd based membranes), polymeric, porous inorganic such as silica, zeolite, oxides (alumina, titania, zirconia), and carbon [2, 3] . Palladium-based membranes have high selectivities and permeabilities for hydrogen due to their unique permeation mechanism described by the Sieverts' law [1] . Pure Pd membranes are often damaged by hydrogen embrittlement due to the  phase transition of palladium hydride which occurs at below the critical temperature (300 o C) and pressure (2 MPa) [4, 5] ; embrittlement can be minimized by alloying palladium with Ag, Cu or Au [6e8] . Another challenge to Pd membranes is that the presence of S-containing compounds such as hydrogen sulphide (H2S), which poison the membrane [9] . Pd-Au alloys have been found to reduce embrittlement and improve resistance to catalytic poisoning and corrosive degradation by S compounds while giving rise to higher hydrogen permeability than pure Pd [10, 11] . There is still a lot to improve to resolve the current problems associated with Pd membranes, such as the low permeation of H2 at low temperatures and reducing the amount of Pd used due to its high price.
Pacheco Tanaka et al. [12, 13] , developed a "pore fill" type membrane, where Pd particles are filled in the nano-size pores of a ceramic (g-Al2O3 and or YSZ) layer located under the top surface [12, 13] . This type of membranes use a fraction of
Pd that in the conventional film membranes, and are more resistant to embrittlement; H2 permeation of 8 x 10 -8 mol m -2 s -1 Pa -1 o C and 6 x 10 -7 mol m -2 s -1 Pa -1 o C at 50 o C and 100 o C respectively, were reported.
In the last three decades, gas separation using polymeric membranes has become widely used for a variety of industrial gas separation applications [14] .
Among them several mem-branes for hydrogen separation have been studied.
In 1979, Monsanto [15] developed the first commercial asymmetric polysulfone hollow fiber membrane and reported a H2/N2 selectivity of 39. Ube Industries in Japan [16] reported a poly-imide membrane with a H2/N2 selectivity of 35.4, and Separex [17] studied a membrane of polyimide cellulose acetate and reported a selectivity of 33. Robeson [18] concluded that for polymeric membranes there is a tradeoff between selectivity and permeability and the best performing membranes form an "upper bound" in a log-log plot of selectivity versus permeability. In the past years, it is becoming apparent that new permeability data show only modest shifts in the empirical H2/N2 upper bound.
Several polymers had become common for hydrogen gas separation membranes, among them are polysulfones (PSF), polycarbonates, cellulose acetate (CA) [19] , poly(-phenyllene oxides) (PPO) [20] , aramids and polyimides (PI), being the most studied the polyimide Matrimid ® . Since several industrial processes involve operations at severe temperature and pressure conditions, these are the main drawbacks of polymeric membranes for hydrogen separation compared to inorganic membranes [21] .
Silica membranes are one of the candidates for hydrogen separation. They are low cost microporous inorganic membranes with a network of pores of approximately 0.5 nm of diameter. Silica membranes show low permeation to H2 and good H2/N2 selectivity in dry conditions at 50-600 o C; however their stability to water vapor is quite poor, even at room temperature [22] [23] [24] .
Zeolite membranes are inorganic membranes that have uniform molecular size pores. But the presence of inter-crystal pores with sizes larger than the zeolite pores is the major cause for decline in molecular separation efficiency. Now, research is ongoing to resolve the inter-crystalline diffusion path issue using mixed matrix membranes. Zeolite membranes have shown H2 permeance ranging from 10 -7 to <10 -8 mol m 2 s -1 Pa -1 with a maximum of H2/N2 selectivity of 4.8 between 35 and 125 o C; to be considered useful for gas separation applications these membranes have to be synthesized without macropore size defects or pinholes [25] [26] [27] .
Carbon molecular sieve membranes (CMSM) were studied for the separation of hydrogen from gasification gas and purification of methane [28] , and recovering of H2 from the waste gas stream [29] . polyimide [41] , Matrimid polyimide [42] , polypyrrolone [43] , BTDAeODA polyimide [44, 45] , and PFA [46] . Briceño et al. [47] coated TiO2 macroporous tubes in one step with matrimid and pyrolyzed at 550 o C-700 o C under nitrogen.
After coating the membrane with a thin film of PDMS to eliminate imperfections and pinholes the authors reported H2/N2 selectivities of 4.46 and permeance to H2 of 9.82 x 10 -9 mol m -2 s -1 Pa -1 . High pyrolysis temperatures produce increased crystallinity, increased density, and lower average interplanar spacing in CMSM [42, [48] [49] [50] [51] . In all, for low temperatures, carbon membranes have the potential for a wide variety of applications associated with the separation and purification of hydrogen gas.
Campo et al. [52] prepared CMSM from cellophane paper using a single pyrolysis step and found that the permeability reached a maximum at 550 o C, without compromising the selectivity. The Robeson upper bound was overtaken regarding H2/N2 separation with a permselectivity of 390. Our group [53] had prepared supported composite-CMSMs (c-CMSMs) derived from resolphenolic resin loaded with boehmite nanoparticles in a single dippingdrying-carbonization step of a tubular a-alumina membrane sup-port. After carbonization at 550 o C a selectivity of 14 for the separation of C3H6/C3H8 was reported; the addition of silver enhanced the selectivity to 38 [54] . CMSM were also prepared varying the composition of resol and boehmite leading to the formation of c-CMSM with different carbon/Al2O3; it was found that membranes with higher carbon/Al2O3 ratio showed higher permeabilities and lower selectivities; for H2 a permeability of 2047 barrer and a selectivity for H2/N2 of 65.6 was reported [55] . CMSM prepared from resorcinolformaldehyde resin loaded with boehmite nanoparticles and carbonized at 550
o C presented micropores with narrower pore-size distribution and higher selectivities than those carbonized at 500 o C; a H2 permeability of 301 barrer and selectivity of H2/N2 > 586 was reported [56] surpassing the Robeson upper bound for polymeric membranes. c-CMSMs were also prepared using novolac phenolic resin and boehmite nanoparticles in a single dipping-dryingcarbonization step on top of a a-Al2O3 tubular membrane support; the decrease in performance of the Al-CMSM due to air exposure (aging by adsorption of water), and the changes in the transport properties of the membranes with different activation temperatures for removing water present in the pores were studied using pure gas permeation [57] .
This paper studies the effect of the carbonization end temperature in the preparation of c-CMSM using novolac resin and boehmite coated on a-Al2O3 tubular membrane support, and their effect in the permeation properties for hydrogen separation at low temperatures.
These carbon membranes can be used for hydrogen separation from reforming gas, after water gas shift to produce power generation and/or chemical grade hydrogen, at temperatures above 250 o C and pressures above 13 bar and in the presence of impurities such as H2S and NH3 [58] . These membranes can also be used to produce oxygen-enriched streams from air, concentrate methane from biogas and xenon from xenon containing streams.
Experimental

Materials
The novolac resin (phenol formaldehyde resin) used as polymeric precursor was synthesized by the acid-catalyzed phenol-formaldehyde condensation [62] as described elsewhere [57] . Briefly, phenol and oxalic acid were placed in a flask fitted with stirrer and a reflux condenser, when the solution reached 80 o C formaldehyde was added drop-wise, the resin was washed with hot water and further dried. N-methyl-2-pyrrolydone. (NMP), 99.8% purity was supplied by Sigma-Aldrich. Boehmite (10 wt%) particle size 8e20 nm, was provided by Kawaken Fine Chemicals Co. Ltd. The a-alumina tubular supports were supplied by Inopor. Non-porous alumina tubes were purchased from Omega
Engineering. The gases were supplied by Air Liquid (99.999% pure). Other chemicals were of reagent grade.
Preparation of tubular ceramic supports
The ends of porous a-Al2O3 supports (length 70 mm, and external diameter of 
Preparation of the carbon molecular sieve membranes
Novolac polymer precursor was dissolved in NMP to prepare a 36 wt% resin solution and stirred thoroughly for 24 h to form a homogenous solution. A coating solution containing 13 wt% of novolac resin, 2.4 wt% of formaldehyde, a 0.6 wt% of ethylenediamine and a 83.2 wt% of NMP was prepared, and heated at 100 o C for 2 h for polymerization; then, a 0.8 wt% dispersion of boehmite nanoparticles was added. The a-alumina tube was coated with this solution by dip-coating using a vacuum pump. The remaining precursor solution was placed in a Teflon dish to make unsupported composite films used for morphological and pore size distribution characterization. Both supported and unsupported membranes were dried in an oven at 100 o C overnight. The tubular supported membranes were dried under continuous rotation inside an oven to guaranty thickness uniformity.
The membranes were carbonized in a Termolab tubular oven inside a quartz tube (80 mm diameter and 1.5 m in length), using N2 at flowing rate of approximately 150 ml min -1 -200 ml min -1 . First, the temperature was raised from ambient to 100 o C at a rate of 1 o C min -1 and held at this temperature for 30 min. Then, the temperature was increased from 100 o C to the desired end temperature with a heating rate of 1 o C min -1 and a soaking time of 2 h. Finally, the oven was allowed to gradually cool to room temperature prior to the removal of the samples. For "fresh membranes", the permeation was determined as soon as the carbon membranes were taken from the oven. The unsupported films were either crushed into small flakes or milled before morphological characterization. c-CMSM were prepared by carbonization at 450, 500, 550, 600, 650, 700, 750, 800, 850 and 1000
o C e named CMSMT, where T is the carbonization end temperature (i.e.
CMSM500 for a carbonization end temperature of 500 o C). At least three membranes for each temperature were prepared. Immediately after carbonization (exposure to air less than 20 s) permeation experiments were performed; these are named "fresh membranes" e letter F added to the membrane name (i.e. CMSM500-F). After 1 day of exposure to air at room temperature, more gas permeation tests were carried out e named CMSMT-1d 
Characterization of the carbon molecular sieve membranes
Scanning electron microscopy analysis (SEM) SEM images of the c-CMSMs were taken using a FEI Quanta 400 FEG/EDAX Genesis X4M microscope with 1.2 nm resolution. The tubular supported c-CMSM were fractured and sputtered with platinum to allow better conductivity for SEM.
Raman analysis
Raman analysis were performed on crushed composite-CMSM films using a Renishaw HP IR 785 spectrometer using a 514 nm green laser (Laser physics 25S-514). The spectra were recorded in the range of 500-2000 cm -1 , at beam power between 25 and 100 mW Helium-Neon laser with the laser beam focused to a spot size of the order of 2 mm.
Pore size characterization
The microporosity of the composite-CMSM was assessed from the CO2 adsorption isotherm at 0 o C. The equilibrium values were obtained using a gravimetric method set up in a Rubotherm ® magnetic suspension balance (±10 -5 mg precision) as described elsewhere [63] . The samples were regenerated with helium at 70 o C before the measurement.
Gas permeation measurements
For the permeation tests, a shell-and-tube test bench was used, as described elsewhere [53] . Briefly, the test bench uses a pressure controller (Horiba Stec, model UR-7340) for the feed stream and a soap-bubble-film flow meter (STEC SF-2 and STEC SF-3) to measure the permeate flow rate; the temperature was controlled by placing the system into a splitting oven which has three independent heating zones. The selected gas (N2, O2, He, H2 or CO2) was introduced into the membrane tube from outer shell and the gas permeated was led to the flow meter; flows at various feed pressure differences (100e500 kPa) and at a given temperature were carried and used to calculate the permeance; the average of the permeance are reported. 
Results and discussion
Scanning electron microscopy analysis (SEM)
Raman analysis
Raman spectroscopy has been frequently used for characterizing crystalline, nanocrystalline and amorphous carbons. Raman spectra of graphitic carbons consists of two bands, the G (graphitic) band at 1575 cm -1 and the D (disordered graphitic) band at 1355 cm -1 [64] . c-CMSM samples carbonized from 500 to 700 o C were characterized using Raman spectroscopy e Fig. 2 ; the spectra were recorded in the range of 500-2000 cm -1 . It can be seen the presence of two major characteristic bands. First, the graphite band (G-band), generally located at 1575 cm -1 corresponding to the sp 2 binding structures caused by the stretching vibrations of the C-C bonds, are shifted towards 1580-1596 cm -1 , which is characteristics of the carbon materials with disorderedcarbon [65] . Second, the disordered band (D-band), located between 1300 and 1400 cm -1 , which is usually found in amorphous carbon. ID (intensity of the disordered band) and IG (intensity of the graphite band) ratios were used to deter-mine the ratio between disordered and organized phases of carbon in the CMSM samples [65] . As shown in Table 2 , the intensity of the D-band increases with the temperature, increasing the disorder, corresponding to an increase in amorphous carbon. The same trend was observed by Evelyn et al. [66] using Raman spectroscopy. The fractional value for the amount of disordered carbon, f, which is related to the intensity of bands D and G according with eq. (1) also evidences the increasing amount of disordered carbon [67] - Table 2 .
Pore size characterization
The adsorption equilibrium isotherms of CO2 at 0 o C exhibit type I behavior for the c-CMSM samples carbonized at four different temperatures. The adsorption equilibrium values were obtained using a Rubotherm ® suspension magnetic balance [63] . The adsorption mechanism in micropores is known as micropore filling and has been well described by Dubinin and co-workers [68, 69] . Dubinin-
Radushkevisch (DR) equation was used to fit the experimental results:
where W refers to the micropore volume filled at pressure P, W0 is the total micropore volume, E0 the characteristic energy, P0 the vapor pressure of the free liquid, R is the gas constant and T is the absolute temperature. DR equation gives a reasonable description of adsorption in micropores when the relation obtained for CO2 is linear. Another equation was proposed, the Dubinin-Astakhov (DA) [70] 
where n is a fitting parameter. The adsorption isotherms of CO2 on c-CMSM are not linear and, therefore, the micropore volume and the characteristic energy were determined fitting the Dubinin-Astakhov equation to the experimental data. Fig. 4 presents the curve for c-CMSM.
The suitability and the applicability of the DA equation were assessed from Table 3 lists the structural parameters obtained for the studied samples.
To obtain a more detailed knowledge of the porous structure of the c-CMSM, their pore size distribution (PSD) was determined using the structure-based method developed by Nguyen et al. [71, 72] . Briefly, the method uses the Langmuir isotherm for all pores of size r, while the heterogeneity of the system is described by the distribution of micropores with different size, given by f (r).
This method takes into account the potential energy (E) when a molecule is adsorbed on a flat surface, ES, and the potential energy when a molecule is adsorbed inside a pore, Epore. A slit like pore configuration is assumed here considering the interaction potential energy between graphite type walls and the probe gas molecule. Additionally this model distinguishes between the gas confined in the pore and the adsorbed state and considers the overall contribution of every pore. Further details about this method can be found elsewhere [71, 73] 
Permeation experiments
Effect of carbonization end temperature on the permeation of "fresh membranes" The permeance of the supported carbon membranes obtained from 450 o C to 1000 o C was evaluated for N2 (0.364 nm [74] ), and O2 (0.346 nm [74] ) e the values in brackets correspond to the kinetic diameter of the gases.
Permeation experiments were carried at room temperature just after the membrane carbonization (fresh membranes) to prevent the adsorption of water; the exposure to air was less than 20 s. The duration of each permeation test was ca. 2 h, the gas permeation measurements were made until readings stabilize.
Throughout the various test phases, membrane performance was periodically evaluated using pure gas permeation tests (with He or N2). The permeances and ideal permselectivities for the fresh carbon membranes are summarized in Table   4 and the effect of carbonization end temperature on the permeances to N2 and O2 are shown in Fig. 7 . For both gases all membranes showed high permeances, though small selectivities; from 450 o C, the permeation increases as the carbonization end temperature increases peaking between 500 o C and 700 o C.
These results show that the permeation depends on the carbonization end temperature; at 450 o C few pores are formed and as the temperature increases more functional groups are removed producing more pores; from 650 o C condensation reactions are predominant therefore smaller pores are formed decreasing the gas permeation. These results are consistent with the pore size distribution shown in Figs. 5 and 6 where it was seen that as the carbonization temperature increases the volume and the number of smaller micropores up to 650 o C, and for the sample carbonized at 750 o C the selectivity increases.
Effect of carbonization end temperature on the permeation of "aged membranes" (1 day).
The fresh membranes were left in the laboratory bench at room temperature for 1 day. Then the permeance and selectivities of the c-CMSM samples to O2, N2, He and H2 were obtained (Table 5) . Compared with fresh membranes (Table   4) , the permeances decreased more markedly for N2 (700 times for N2 and 66 times for O2); samples carbonized at temperatures above 600 o C showed permeance out of the range of the flow-meter used. The decrease of permeation after 1 day should be related to the reaction of reactive groups presented in the fresh membrane with water producing functional groups containing oxygen (chemisorption), making the pores smaller and hydrophilic, able to adsorb water ([75e78] physisorption). O2/N2 permselectivity increases with the temperature; for the membrane calcinated at 550 o C this value was 15. Permselectivities for higher carbonization end temperatures were not possible to measure.
Since H2 and He are smaller, permeance studies for these two gases were carried out and their relation with the temperature of carbonization is shown in Fig. 8 and Table 5 ; highest permeance are observed for samples carbonized at 500 and 550 o C. These carbon membranes show higher permeance for H2 than for He despite of H2 being larger than helium (0.29 and 0.26 nm for H2 and He, respectively) [74] ; this was attributed to the larger adsorption affinity of H2 [40] and to the cross-section diameter of H2, which is smaller. In Fig 9 the The values of Ea of c-CMSM-500-5m for N2, O2, He, H2 and CO2 are listed in Table 6 and illustrated in Fig. 12 . Fig. 12 , shows that a) for all gases Ea increases with the permeant size; for bulkier molecules the energy needed to pass through the pores is higher; b) Ea decreases as the temperature of carbonization of the membrane increases; c) for CO2, at temperatures lower than 200 o C, Ea values are higher than bulkier species N2 and O2. The permeation behavior of CO2 should be related to the fact of CO2 presenting a high adsorption affinity towards CMSMs. Assuming sorption-diffusion transport mechanism, since CO2 adsorption is lower at higher temperatures makes the CO2 transport in these conditions less favorable (Fig 12) .
Permeation studies of the membranes carbonized at various temperatures and heated at 200 o C
Carbon membranes c-CMSM500-5m, c-CMSM550-5m, c-CMSM600-5m and c-CMSM650-5m were activated under N2 at 200 o C, with a heating rate of 0.7 o C min -1 , for 120 min. The permeation to N2, O2, CO2, H2 and He were obtained and results are listed in the Supplementary information S2. From these values, Ea were calculated using eq. (4) and the results are listed in Table 7 and illustrated in Fig 13. Ea increases with the kinetic diameter of the gases for c-CMSM carbonized at more than 600 o C. It is more difficult for N2 to permeate because pores became smaller. Membranes carbonized at more than 650 o C show too small permeances to N2, O2, and CO2 to be detected and only the permeance to fast species H2 and He were measured. H2 has higher Ea than H2 which increases as the carbonization temperature increases; another indication that the pore size decreases with the temperature. Ea for CO2 in membranes activated at 200 o C are in line with its size (see Fig. 13 ). 
Conclusions
Thin composite alumina CMS membranes were successfully fabricated by carbonizing novolac phenolic resin coated on -alumina tubular membranes using a single dip step. It was concluded that the carbonization end temperature was important for the permeation characteristics of the membranes; the pore size decreases with the carbonization temperature within 450 o C-1000 o C temperature range.
Membrane samples just after carbonization show high gas permeation that decreases quickly upon contacting with room atmosphere; this behavior was assigned to the water physical and chemical adsorption on the pore network.
After 1 day contacting with the atmospheric air, the membrane carbonized at 550 o C showed an O2/N2 selectivity of 15 at room temperature and performs above the Robeson upper bound; the H2/N2 selectivity was 725 and the permeance to H2 was 145 x 10 -9 mol m -2 s -1 Pa -1 at room temperature, values comparable with the best performing to Pd membranes. This CMS membrane can therefore be used instead of Pd for H2 separation processes involving hydrogen membranes at low temperature. The gas permeation of aged membranes can be increased heating them from 100 o C to 200 o C; this enhancement was assigned to the removal of physically adsorbed water. From the gas permeation at different feed pressures and temperatures, it was possible to calculate the permeation activation energy, Ea for N2, O2, CO2, He and H2; the permeation increases as the water is removed and the Ea increases with the size of the permeant species; below 200 o C, CO2 has a higher activation energy than expected according to its size, this due to the permeation mechanism of molecular sieving and adsorption [61] , (e) Mc Carthy [82] , (f) Campo [52] .
